Abstract. The aim of the present study was to assess the involvement of the high-mobility group box-1 (HMGB1) protein, receptor for advanced glycation end products (RAGE) and nuclear factor (NF)-κB signaling pathway in the development of diabetic retinopathy. Rat primary retinal pericytes were exposed to 25 mmol/l D-glucose for 48 h. Diabetic retinal vessels were prepared from streptozotocin-induced diabetic rats 12 weeks following the induction of diabetes. The expression of HMGB1 was detected using immunofluorescence staining. The expression of RAGE and the activity of NF-κB were analyzed using western blot and electrophoretic mobility shift assays, respectively. The results showed that HMGB1 was translocated to the cytoplasm of the high glucose-treated pericytes and diabetic retinal pericytes, whereas, in the control cells and the normal retinas, HMGB1 was expressed in the cell nuclei only. The expression of RAGE, a potential receptor for HMGB1, and the activity of NF-κB were also increased in the high glucose-treated pericytes, compared with the normal control cells. In addition, high glucose increased the binding of NF-κB to the RAGE promoter. These findings suggested that the cytoplasmic translocation of HMGB1 may be caused by diabetes and high glucose in retinal pericytes, and that the pathogenic role of HMGB1 may be dependent on the expression of RAGE and activation of NF-κB.
Introduction
Diabetic retinopathy, the leading cause of blindness worldwide, is characterized by early dysfunction of the retinal microvasculature. Metabolic alterations resulting from hyperglycemia are considered to be the cause of diabetic retinopathy (1) . It has been reported that inflammatory processes are also important in the pathophysiology of diabetic retinopathy (2) . Leukocyte infiltration and the enhanced expression of chemokines, adhesion molecules, growth factors and nuclear factors have been observed in diabetic retinal tissues (3).
The high-mobility group box-1 (HMGB1) protein was originally described as a nuclear DNA-binding protein (4) , which facilitates gene transcription by stabilizing nucleosome formation (5) . HMGB1 can also be released extracellularly, and acts as a pro-inflammatory cytokine or as an alarm signal for tissue damage (6) . HMGB1 is released from cells through passive release or by active secretion. Passive release occurs as a result of cellular necrosis in the majority of eukaryotic cells (7, 8) . Active secretion from activated macrophages and monocytes occurs in response to inflammatory stimuli, including lipopolysaccharide and tumor necrosis factor (TNF)-α (9, 10) , and can trigger a potent inflammatory response leading to severe tissue injury (11, 12) . Extracellular HMGB1 is also involved in the progression of several inflammatory conditions, including septic shock, rheumatoid arthritis and atherosclerosis (13) (14) (15) (16) . Previously, diabetes has been shown to be associated with an increase in the expression of HMGB1 in aortic endothelial cells in vivo, and HMGB1 has been suggested as a causative factor in diabetic tissue damage (17) . Inflammation has been recognized as being important in the pathogenesis of diabetic retinopathy, and anti-inflammatory agents can be beneficial in diabetic retinopathy (18) , for example dexamethasone suppressed upregulation of intercellular adhesion molecule 1, leukostasis, and prevented retinal vascular leakage in a rat model of diabetic retinopathy (19) . In addition, Jonas and Söfker (20) reported that an intravitreal injection of triamcinoloe acetonide efficiently improved visual acuity in diabetic patients with macular edema. However, the role of HMGB1 in diabetic retinopathy remains to be fully elucidated. Therefore, the present study aimed to investigate the pathogenic function of HMGB1, focusing on its role in diabetic retinopathy, using primary rat retinal pericytes and streptozotocin (STZ)-induced diabetic rats. The involvement of the receptor for advanced glycation end products (RAGE) and the nuclear factor (NF)-κB signaling pathway were also examined.
Materials and methods
Primary rat retinal pericyte cell culture. The primary retinal pericytes were isolated from the retinal microvessels of Sprague-Dawley rats (Orient Bio, Inc., Seoul, Korea) using a modified version of a previously published method (21) (22) (23) (24) . After one week acclimation period, eight eyes from four rats were enucleated under deep anesthesia, following intra peritoneal injection of pentobarbital sodium (30 mg/kg body weight; Hanlim Pharmaceuticals Co., Ltd., Seoul, Korea). Animals were then sacrificed with an overdose of pentobarbital sodium (200 mg/kg body weight; Hanlim Pharmaceuticals Co., Ltd.). The retinas were separated from the eyes, homogenized using a Teflon-glass homogenizer (Wheaton, Millville, NJ, USA) and filtered though a 70-µm nylon mesh (BD Biosciences, San Diego, CA, USA). The remaining retentate was digested in 0.066% collagenase/dipase (Roche, Mannheim, Germany) in Dulbecco's phosphate-buffered saline for 1 h at 37˚C. The cellular digests were then filtered through a 40-µm nylon mesh. Purification of the rat retinal pericytes was achieved using a CELLection Pan Mouse IgG kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with a mouse anti-desmin monoclonal antibody (cat. no. MAB3430; EMD Millipore, Billerica, MA, USA), according to the manufacturer's protocol. The purified cells were maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum at 37˚C in a humidified atmosphere of a 5% CO 2 incubator. The pericytes were identified by their inability to uptake rhodamine-conjugated, acetylated low-density lipoprotein, as described by Cacicedo et al (25) . The cell cultures in the present study contained no cells, which reacted with polyclonal rabbit anti-human antibodies to the endothelial cell marker, von Willebrand factor (cat. no. A0082; Dako, Carpinteria, CA, USA). Cells between passages 3 and 5 were used in the present study. The cells (5x10 4 ) were plated onto appropriate culture dishes and used for experiments upon reaching 80% confluence. Standard culture medium was replaced with fresh serum-free medium 16 h prior to the experiments at 37˚C. To examine the effects of high glucose, the medium of confluent pericyte cultures was supplemented with 25 mmol/l D-glucose for 48 h. Galactose or mannitol were used as a control.
Immunofluorescence staining. The immunofluorescence staining was performed on the cultured pericytes. The antibody used was monoclonal rabbit anti-HMGB1 (2639-1; Epitomics, San Fransisco, CA, USA). For the detection of HMGB1, the cells were incubated with a fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The fluorescence signals were observed under a fluorescence microscope (Olympus Corporation, Tokyo, Japan) and analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Western blot analysis. The nuclear and cytoplasmic extracts were prepared according to a method described by Schreiber et al (26) . Briefly, 1x10 7 cells were resuspended in 400 ml of cold buffer A, containing 10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT and 0.5 mM PMSF. The cells were allowed to swell on ice for 15 min, following which 25 ml of a 10% solution of was added, and the tube was vigorously vortexed for 10 sec. The homogenate was centrifuged at 12,000 x g for 30 sec in a microfuge at 4˚C, with the supernatant containing the cytoplasm. The nuclear pellet was resuspended in 50 ml of ice-cold buffer B, containing 20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT and 1 mM PMSF, and the tube was vigorously rocked at 4˚C for 15 min on a shaking platform. The nuclear extract was centrifuged at 12,000 x g for 5 min in a microfuge at 4˚C, and the supernatant was frozen. The protein content of the fractions were determined using the Bradford assay method (27) . The nuclear and cytoplasmic extracts (20 µg) were then separated by 12% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The membranes were probed with rabbit anti-HMGB1 (Epitomics), polyclonal rabbit anti-RAGE antibody (ab3611; Abcam, Cambridge, MA, USA), monoclonal mouse anti-β-actin antibody (A5441; Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), monoclonal mouse anti-β-tubulin antibody (sc-5274; Santa Cruz Biotechnology, Inc.) and mouse monoclonal anti-proliferating cellular nuclear antigen (PCNA) antibody (50-171-599; Upstate Biotechnology, Inc., Lake Placid, NY, USA), and the immune complexes were then visualized using an enhanced chemiluminescence detection system (Amersham Biosciences, Uppsala, Sweden). The protein expression levels were determined by analyzing the signals captured on the nitrocellulose membranes using an image analyzer (Las-3000; Fujifilm, Tokyo, Japan). Anti-β-actin, anti-β-tubulin (28) and anti-PCNA (29) served as loading controls.
Measurement of NF-κB activity.
For the electrophoretic mobility shift assay (EMSA), the nuclear extracts were prepared using a kit, according to the manufacturer's protocol (NE-PER Nuclear and Cytoplasmic Extraction kit; Pierce Biotechnology, Inc., Rockville, IL, USA). The EMSA was performed by incubating 10 µg of nuclear protein extract with IRDye 700-labeled NF-κB oligonucleotide probe (5'-AGT TGA GGG GAC TTT CCC AGG C-3'; LI-COR Biosciences, Lincoln, NE, USA) or an unlabelled probe for cold competition. The EMSA gels were analyzed, and images were captured and quantified using the LI-COR Odyssey infrared laser imaging system (LI-COR Biosciecnes).
Chromatin immunoprecipitation (ChIP) assay. A ChIP assay
was performed to analyze the in vitro interactions of NF-κB with its cognate cis-acting element in the RAGE promoter. This assay was performed using a ChIP assay kit (Upstate Biotechnology, Inc.), according to the manufacturer's protocol. The soluble chromatin was prepared the from retinal pericytes. Chromatin was mechanically sheared by sonication to yield fragments with a mean size of 300 bp. Prior to immunoprecipitation, chromatin (10 µg DNA/assay) was pretreated with protein A/G agarose beads (Santa-Cruz Biotechnology, Inc.) for 1 h. The chromatin was immunoprecipitated with a polyclonal rabbit anti-p65 NF-κB antibody (sc-372; 2 µg each; Santa Cruz Biotechnology, Inc.). Normal rabbit IgG was used as negative antibody control and DNA from the input (20-40 µg protein-DNA complex) as an internal control. Antibody-bound chromatin was eluted by heating at 95˚C for 30 min. The DNA was then purified using the QIAquick PCR Purification kit (Qiagen GmbH, Hilden, Germany). The input DNA and the DNA from Chip samples were used as a template for polymerase chain reaction amplification using primer sets for the rat RAGE promoter regions containing the NF-κB response element. The sequences of the primers were as follows: Forward 5'-CCC GGC CCT GAC TAA GCA GT-3' and reverse 5'-CCA CGG CCT GGA ACC CTTA-3'. Quantitative polymerase chain reaction (qPCR) was performed using SYBR Green PCR Master Mix and Chromo4 Multicolor Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.,) with with the following cycling conditions: 2 min at 94˚C, followed by 35 cycles of 30 sec at 94˚C, 30 sec at 58˚C and 1 min at 72˚C, followed by 1 min at 72˚C. The copy number for each gene was determined using iQ5 Optical system software (Bio-Rad Laboratories, Inc.). The results are reported as the ratio of the immunoprecipitated DNA to the input DNA.
Animals and experimental design. Six-week-old male Sprague-Dawley rats were purchased from Orient Bio, Inc. Rats were housed under a 12-h light/12-h dark cycle at a temperature of 23±1˚C and were provided with food and water ad libitum. After a one week acclimation period, diabetes was induced by a single injection of STZ (60 mg/kg body weight; i.p.) in the rats. Age-matched control rats (aged 7 weeks) were injected with vehicle only. At 1 week post-induction of diabetes, the blood glucose levels were measured in venous blood from the tail vein. The glucose assay used was an enzymatic assay based on glucose oxidase and peroxidase levels (Glucose B-Test; Wako, Osaka, Japan). Rats with a plasma glucose level >300 mg/dl were considered to be diabetes-induced rats. The animals were divided into two groups: Normal rats (n=8) and STZ-induced diabetic rats (n=8). At 21 weeks of age, blood samples were collected from the tail vein following a 16-h fast At necropsy, the eye from each rat was enucleated under deep anesthesia, following intraperitoneal injection of pentobarbital sodium (30 mg/kg body weight; Hanlim Pharmaceuticals Co., Ltd.). Animals were then sacrificed with an overdose of pentobarbital sodium (200 mg/kg body weight; Hanlim Pharmaceuticals Co., Ltd.). All the procedures involving rats were approved by the Korea Institute of Oriental Medicine Institutional Animal Care and Use Committee (Daejeon, Korea). The blood glucose values were 6.93±0.56 mmol/l for normal rats and 22.74±3.78 mmol/l for STZ-induced diabetic rats. The body weights were 494.46±8.73 g (normal rats) and 229.25±10.66 g (diabetic rats).
Trypsin-digested retinal vessel preparation. The eyes of the animals were enucleated and the retinas were isolated. The retinal samples were then placed in 10% formalin for 2 days. Following fixation, the retina was incubated in trypsin (3% in sodium phosphate buffer) for ~60 min at 37˚C. The vessel structures were isolated from the retinal cells by gentle rinsing in distilled water. The vascular specimens were then mounted 
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on a slide. For immunofluorescence staining for HMGB1 and NF-κB, the vascular specimens were incubated with rabbit anti-HMGB1 (Epitomics) and mouse anti-NF-κB antibody (cat. no. MAB3026; Chemicon International, Inc., Temecula, CA, USA). For the detection of HMGB1, the vessels were incubated with FITC-conjugated polyclonal goat anti-rabbit antibody (sc-2012; Santa Cruz Biotechnology, Inc.). To detect NF-κB, the vessels were incubated with polyclonal FITC-conjugated goat anti-mouse IgG (sc-2010; Santa Cruz Biotechnology, Inc.) and detected using fluorescence microscopy (Olympus Corporation). For negative controls, the sections were incubated with non-immune serum instead of the primary antibodies.
Immunohistochemical staining. The retinal tissues were fixed in 10% formaldehyde and embedded in paraffin, and 4 µm thick sections were prepared. The primary antibody used was rabbit anti-RAGE (Sigma-Aldrich; Merck Millipore). Following incubation in CAS blocking solution (Zymed Life Technologies, Carlsbad, CA, USA) for 30 min, the sections were incubated in the primary antibody overnight at 4˚C and then washed three times with phosphate-buffered saline. To detect RAGE in the retinal sections, the slides were prepared using an Envision kit (Dako), and immunoreactivity was visualized using a 3,3'-diaminobenzidine tetrahydrochloride peroxidase substrate kit (Dako).
Statistical analysis. All data are presented as the mean ± standard error. Comparisons between the two groups were made using Student's t-test (two-tailed). Statistical analysis was performed using GraphPad Prism 4.0 software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of HMGB1 in retinal pericytes.
To investigate the pathogenic functions of HMGB1 in retinal pericytes under diabetic conditions, the present study initially determined whether the protein was expressed in retinal pericytes using immunofluorescence staining. HMGB1 was detected in the nuclei and diffusely in the cytoplasm in the high glucose-treated pericytes, however, in the control, HMGB1 was expressed in the nuclei only ( Fig. 1A; upper panels) . Additionally, in diabetic retinal vessels, HMGB1 was expressed at a high level in the cytoplasm of the retinal pericytes ( Fig. 1A; lower panels) . To confirm that the HMGB1 protein had been translocated into the cytoplasm of the pericytes, the cells were subcellular fractionated, and the distribution of HMGB1 was analyzed using western blot analysis. As shown in Fig. 1B , translocation of HMGB1 from the nucleus to the cytoplasm was observed at 48 h following high glucose treatment. In the control pericytes, the majority of the HMGB1 was found in the nucleus, and the expression of HMGB1 was lower in the soluble cytoplasm. In the high glucose-treated pericytes, a lower level of HMGB1 was detected in the nuclear fraction and a higher level of HMGB1 was detected in the cytoplasm, compared with the control. These results suggested that HMGB1 was translocated into the cytoplasm in retinal pericytes in response to high glucose conditions in vitro and in vivo. 
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Expression of RAGE. RAGE is a putative receptor for HMGB1 (30) . The signaling pathways downstream of RAGE are key in the cellular responses to stress conditions, including inflammation (31). Thus, the present study measured the expression levels of RAGE in retinal pericytes. The western blot analysis showed that the protein expression of RAGE was markedly increased in the high glucose-treated pericytes, compared with the control cells ( Fig. 2A) . Similarly, immunohistochemical staining for RAGE showed that the expression level of RAGE was markedly higher in the diabetic rat retinas, compared with the normal rat retinas (Fig. 2B) .
Activation of NF-κB. The present study investigated whether the downstream effect of RAGE activation was associated mechanistically with the NF-κB pathway. The nuclear extracts from the retinal pericytes were analyzed for NF-κB DNA-binding activity using an EMSA. The results of the EMSA showed that the NF-κB DNA-binding activity was significantly increased in the high glucose-treated pericytes, compared with the control cells (Fig. 3A) . In the diabetic rats, activated NF-κB was found in the nucleus of the retinal pericytes. However, in the control rats, minimal positive signals of activated NF-κB were detected (Fig. 3B ). These observations indicated that diabetic conditions markedly induced NF-κB DNA-binding activity in the retinal pericytes.
Role of NF-κB in the mRNA expression of RAGE. To evaluate the role of NF-κB in the high glucose-induction of the mRNA expression of RAGE in the retinal pericytes, the binding of NF-κB p65 to the RAGE promoter was determined using a ChIP assay. As shown in Fig. 4 , high glucose conditions increased the binding of this transcription factor to the RAGE promoter. This result suggested that the expression of RAGE expression was regulated by NF-κB. . Effect of NF-κB on the expression of RAGE promoter. A ChIP assay was performed using NF-κB p65 antibody, and the RAGE promoter was amplified by PCR. The values in the bar graphs represent the mean ± standard error of the mean (n=8). * P<0.01, vs. normal. NF-κB, nuclear factor-κB; RAGE, receptor for advanced glycation end products; ChIP, chromatin immunoprecipitation; PCR, polymerase chain reaction; CON, normal control pericytes; HG, high glucose-treated pericytes.
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The present study showed the first evidence, to the best of our knowledge, of HMGB1 translocatton into the cytoplasm of retinal pericytes in response to high glucose in vitro and in diabetic conditions in vivo. Through immunofluorescence staining and western blot analyses for HMGB1, the present study determined that HMGB1 translocated from the nucleus to the cytoplasm in response to high glucose. These observations indicated that high glucose was an important regulator of the subcelluar distribution of HMGB1 in the retinal pericytes.
Retinal pericytes wrap around the microvascular endothelium to provide vascular stability and regulate capillary blood flow. The retina has the highest number of pericytes in the body (32) , and their loss is considered to be a hallmark of early diabetic retinopathy (33) . Pericytes are important in the barrier function of microvessels and assist in regulating inflammatory processes, including the leakage of plasma proteins (34) . Diabetes has been shown to be associated with the upregulation of various pro-inflammatory mediators in the retina, including intercellular adhesion molecule 1, vascular endothelial growth factor, NF-κB, inducible nitric oxide synthase and transforming growth factor-β, and localized inflammatory processes are considered to be involved in the development of diabetic retinopathy (35, 36) . The data presented in the present study showed that high glucose significantly induced the cytoplasmic expression of the pro-inflammatory mediator, HMGB1, in retinal pericytes, suggesting that increased inflammation is an important contributing factor to the progressive injury of pericytes during the development of diabetic retinopathy.
The present study also showed that the expression of RAGE was markedly enhanced in high glucose-treated retinal pericytes. HMGB1 is a specific ligand for RAGE (30) . RAGE is expressed at low levels in a variety of cell types, however, its expression is increased by the cellular activation, which occurs during inflammation (37, 38) . RAGE was originally identified by its ability to bind advanced glycation end products (AGEs). Increased glucose levels lead to the formation of AGEs. However, the importance of AGEs as ligands of RAGE in vivo remains controversial, as proteins modified by AGEs to the extent necessary to bind to RAGE are unlikely to exist in physiological systems in vivo (39) (40) (41) . By contrast, the HMGB1 protein is present at sites of inflammation in vivo at concentrations, which activate RAGE (42) . RAGE is also found on retinal pericytes (43) . This suggests that HMGB1 is a functional mediator, which is involved in the induction of diabetic retinopathy by signaling through these receptors.
The present study also found that high glucose-induced HMGB1 increased the activity of NF-κB. It has been reported that the NF-κB system is a major intracellular signaling pathway downstream of RAGE (44) . The NF-κB transcription factor is a key regulator of inflammation, immune response, cell survival and cell proliferation (45) . In the present study, it was found that the transcriptional activity of NF-κB was significantly enhanced in retinal pericytes by high glucose in vitro and under diabetic conditions in vivo. This is consistent with reports that the constitutive activation of NF-κB is essential for retinal pericyte damage (46-48). The pro-inflammatory role of NF-κB has been implicated in pericyte injury through the transcriptional activation of NF-κB-dependent inflammatory mediators. Pro-inflammatory cytokines, including tumor necrosis factor-α and monocyte chemoattractant protein-1, are also regulated by NF-κB in retinal pericytes (48, 49) . In addition, ChIP analysis showed that high glucose also increased the binding of NF-κB to the RAGE promoter. These results demonstrated that the increased expression of RAGE was a consequence of the HMGB1-induced activation of NF-κB.
In conclusion, the results of the present study indicated that hyperglycemia-induced HMGB1 release may induce retinal pericyte injury under diabetic conditions. It was also demonstrated that the pathogenic role of HMGB1 may be dependent on the NF-κB-dependent regulation of RAGE. Whether the markedly elevated protein levels of HMGB1 in patients with diabetic retinopathy is responsible for the retinal pericyte injury remains to be elucidated. If this is the case, such knowledge may be considered in the design of potential therapeutic strategies for the treatment of diabetic retinopathy.
